Functional cortical circuits for central executive functions have been shown to emerge by theta (w6 Hz) phasecoupling of distant cortical areas [1] [2] [3] . It has been repeatedly shown that frontoparietal theta coupling at w0 relative phase is associated with recognition, encoding, short-term retention, and planning [1, 4, 5] ; however, a causal link has not been demonstrated so far. Here we used transcranial alternating current stimulation [6] [7] [8] simultaneously applied at 6 Hz over left prefrontal and parietal cortices with a relative 0 (''synchronized'' condition) or 180 (''desynchronized'' condition) phase difference or a placebo stimulation condition, whereas healthy subjects performed a delayed letter discrimination task. We show that exogenously induced frontoparietal theta synchronization significantly improves visual memory-matching reaction times as compared to placebo stimulation. In contrast, exogenously induced frontoparietal theta desynchronization deteriorates performance. The present findings provide for the first time evidence of causality of theta phase-coupling of distant cortical areas for cognitive performance in healthy humans. Moreover, the results demonstrate the suitability of transcranial alternating current stimulation to artificially induce coupling or decoupling of behaviorally relevant brain rhythms between segregated cortical regions.
Functional cortical circuits for central executive functions have been shown to emerge by theta (w6 Hz) phasecoupling of distant cortical areas [1] [2] [3] . It has been repeatedly shown that frontoparietal theta coupling at w0 relative phase is associated with recognition, encoding, short-term retention, and planning [1, 4, 5] ; however, a causal link has not been demonstrated so far. Here we used transcranial alternating current stimulation [6] [7] [8] simultaneously applied at 6 Hz over left prefrontal and parietal cortices with a relative 0 (''synchronized'' condition) or 180 (''desynchronized'' condition) phase difference or a placebo stimulation condition, whereas healthy subjects performed a delayed letter discrimination task. We show that exogenously induced frontoparietal theta synchronization significantly improves visual memory-matching reaction times as compared to placebo stimulation. In contrast, exogenously induced frontoparietal theta desynchronization deteriorates performance. The present findings provide for the first time evidence of causality of theta phase-coupling of distant cortical areas for cognitive performance in healthy humans. Moreover, the results demonstrate the suitability of transcranial alternating current stimulation to artificially induce coupling or decoupling of behaviorally relevant brain rhythms between segregated cortical regions.
Results and Discussion
Sensory and association areas of the human brain are organized in a distributed manner [9] , requiring an efficient communication mechanism to integrate responses across different cortical regions to guide behavior. How the human brain can achieve this relatively fast and efficient integration of information has been the topic of intensive research in the last two decades. A growing amount of studies suggests phase synchronization as a fundamental neural mechanism in cognitive functions requiring large-scale integration of distributed neural activity, supporting both neural communication and plasticity [1, 2, 10] .
Phase synchronization in distributed cortical networks during cognitive performance occurs in a wide portion of the spectrum of oscillatory brain activity starting from theta (w4-8 Hz), alpha (w8-12 Hz), beta (w13-30 Hz), and going up to gamma oscillations (>30 Hz), where functional coupling at-and between-each of these frequency bands appears to coordinate different aspects of behavior [2, [11] [12] [13] . In particular, frontoparietal theta coupling at w0 relative phase is associated with a great variety of cognitive processes such as recognition, encoding, short-term retention, and planning [1, 4, 5] . Despite the large amount of empirical data, so far the majority of these studies have provided only correlative evidence for the impact of theta phase synchronization on cognitive performance, whereas its causal role still awaits empirical evidence. In the present study, we first add correlative evidence for the relevance of frontoparietal theta phasecoupling during cognitive performance and, subsequently, we provide its causal evidence.
Experiment 1: EEG Experiment
In a first set of experiments, we explored the relevance of oscillatory phase synchronization on performance in a delayed letter recognition task by means of electroencephalogram (EEG) analysis in healthy volunteers (Figure 1 ; see also Supplemental Experimental Procedures available online). Initially, we analyzed the probe period of the task (Figure 1) , which involves comparison of a previously displayed and remembered letter with the ''probe'' cue, a match or nonmatch decision and selection of the appropriate action. Several studies suggest that the integration of sensory information that is subsequently used to guide behavior is carried out through the interconnection of synchronized distributed cortical networks, including the dorsolateral prefrontal cortex (DLPFC) and the posterior parietal cortex (PPC) [12, 14, 15] . Thus, in the present study, we centered the attention on the left DLPFC and PPC. There are three main reasons to focus the analysis on the left hemisphere in the present study: First, the paradigm used here is a working memory and sensorimotor decision-making task with a verbal component, and it has been previously suggested that mainly left DLPFC and PPC are active during similar letter recognition paradigms [16, 17] . Second, we recently showed-using a two letter variant of the same task-that left DLPFC and PPC are directly involved in the temporal storage of memorized letters, where high-gamma oscillations-which were found to represent the temporally memorized information-were modulated by theta activity [17] . Although in that study the contents of working memory were explored during the maintenance periods, we hypothesize that theta-synchronized activity between left PPC and DLPFC should be relevant during cue comparison and the match or nonmatch process. Third, it has been strongly suggested that left-hemisphere frontal and parietal regions are involved in motor selection and preparation [18, 19] . Based on these arguments, we selected EEG electrodes approximately belonging to these cortical regions a priori to investigate phase synchronization during memory matching periods (Supplemental Experimental Procedures; Figure S1 ). We used the weighted phase lag index (WPLI), a recently introduced debiased index of phase synchronization unaffected by volume conduction and signal amplitude [20] (Supplemental Experimental Procedures; Figure S3 ). We identified a significant increase of phase synchronization at w4-7 Hz occurring w200-500 ms after memory probe onset (WPLI z 0.15, normalized WPLI: z = 4.7, confidence interval a(0.01/99%) = (3.1, 6.6); Figures 2B and 2E) (Supplemental Experimental Procedures; Figure S1). Reaction times (RTs) were on average w500 ms after probe onset (506 6 11) and accuracies were near perfect (96% 6 2%). The relative phase difference between both regions was w0 (circular mean = 20.025 6 0.18); Rayleigh test for circular uniformity: p < 0.001, z = 306; Figure 2C ). Interestingly, at these frequencies and latencies (w4-7 Hz and w200-500 ms, respectively; Figure 2B ), we found a strong positive correlation between the absolute value of the relative phase and reaction times (r Pearson's = 0.26, p < 0.005, Figure 2D ; nonparametric statistics supporting this significant correlation can be found in Figure S1 ), i.e., the closer the phase difference was to 0 the lower the RTs in the matching periods. In order to examine whether this correlation was related to contamination from effects of evoked activity (notice, however, that these analyses were based on the imaginary part of the cross-spectrum), we carried out the following control measurements: First, reaction times and phase difference of theta activity were independently regressed with theta power in both F3 and P3. Additional regressions with the ratio and difference of theta power between F3 and P3 were carried out as well. These regressions did not yield significant effects (for all cases r < 0.11, p > 0.24). Second, it has been shown extensively that the poststimulus presentation time period induces a significant increase of interregional phase synchronization in theta and other frequency bands. Therefore, we investigated whether the correlation between reaction times and phase difference in theta is merely due to the presentation of visual stimuli. The same poststimulus latencies used in the initial analysis (200-400 ms) were used to perform linear regressions between RTs and phase difference, however, after the presentation of the masks in the delayed letter recognition task. These correlations did not yield significant effects (for all cases r < 0.08, p > 0.45). Hence, the results of this experiment add correlative evidence that timing-dependent phase synchronization of these interregional oscillations is crucial for improved behavior.
Experiment 2: Theta tACS Experiment
Based on the results obtained in experiment 1, we hypothesized that an exogenous boost of frontoparietal theta coupling (0 relative phase) should improve reaction times during the memory matching periods, whereas an exogenous induction of ''desynchronization'' (i.e., 180 relative phase) may deteriorate performance. In order to test this hypothesis, we applied transcranial alternating current stimulation (tACS), which is a noninvasive brain stimulation tool that has been successfully used to entrain oscillatory cortical activity in circumscribed cortical areas [6, 8, 21, 22] (Supplemental Experimental Procedures). We applied tACS at 6 Hz over the left prefrontal and parietal cortices (at F3 and P3, respectively) with a relative 0 (''synchronized'' condition) or 180 (''desynchronized'' condition) phase difference or a placebo stimulation condition (Figure 3 ), while healthy participants (n = 18) performed the same delayed letter discrimination task used in experiment 1 (tACS was administrated during the whole behavioral task, which lasted for w14 6 1.5 min for all subjects and all sessions). All participants received the three stimulation conditions in balanced order (Table S1 ). RTs during matching memory were submitted to a repeated-measures ANOVA with stimulation (6 Hz_0 , 6 Hz_180 , Sham) and response hand (left, right) as factors (see Supplemental Experimental Procedures for more details). We found a main effect of stimulation (F 2,34 = 8.82, p < 0.005; Table S2 ). Post hoc t tests revealed that RTs in the ''desynchronized'' condition were significantly larger than in sham [t(17) = 3.41, p < 0.01] and synchronized conditions [t(17) = 3.51, p < 0.01]. Additionally, RTs in the sham condition were significantly slower than in the synchronized condition [t(17) = 1.76, p < 0.05] ( Figure 3D ). The interaction stimulation 3 response hand was not significant (F 2,34 = 1.37, p = 0.28; Table S2 ), suggesting that tACS-induced modulation in performance is not significantly affected by the response hand used in each trial. Thus, in line with our hypothesis, an exogenous boost of frontoparietal theta coupling improves RTs during the matching periods, whereas an exogenous induction of a 180 relative phase deteriorates reaction performance.
Experiment 3: Control Experiment
In order to test whether the results obtained in experiment 2 are due to any in or out of phase stimulation or perhaps due to some artifact of the stimulation protocol, we repeated the same experiment (n = 18 new subjects with respect to the previous experiments of this study), however, this time applying a different stimulation frequency: 35 Hz. The main reasons to choose this frequency are as follows: First, phase synchronization and the regression of RTs with absolute phase difference were not significant: r < 0.06 (p > 0.51) and Z < 1 respectively. Second, 35 Hz is out of the range where tACS may induce perception of peripheral flickers at the stimulation intensity used in the present study (see Supplemental Experimental Procedures). In this control experiment, we did not find significant effects for stimulation (F 2,34 = 0.86, p = 0.43; Figure 3E ) or the interaction stimulation 3 response hand (F 2,34 = 1.051, p = 0.36; Table S2 ). In order to show that Participants performed a delayed letter discrimination task. Observers attended to three sample letters (''L,'' ''T,'' and ''C,'' subtending 2 of visual angle) that were briefly presented (350 ms) in randomized order. Immediately after each of the letters was presented, a mask stimulus displaying all possible line segments forming the letter stimulus L, T, or C was presented for 1 s to interrupt visual processing of the target shape. After the third mask was presented, a numerical cue (2 ) indicated whether to remember the first, second, or third letter. Probe period: After a 1.5 s delay interval, a test letter was presented and participants indicated as fast as possible whether it matched the numerically cued letter or not (right hand if it matched, left hand otherwise). The probe letter was always one of the initially presented letters. Each experimental session consisted of 90 trials, in which the numerical cue was evenly pseudorandomized. See Supplemental Experimental Procedures section for further details.
the effects induced by 6 Hz tACS differed from the effects of 35 Hz stimulation, we performed an additional two-way ANOVA where stimulation frequency (6 Hz and 35 Hz; between subjects) and stimulation synchronization (synchronized, desynchronized, sham; within subjects) were included as factors. We found a significant effect for the interaction stimulation frequency 3 stimulation synchronization (F 2,68 = 3.78, p < 0.05). 
General Remarks and Implications for Future Work
The present findings provide evidence for causality between frontoparietal theta phase-coupling and cognitive performance in healthy humans, however, without ruling out the potential role of segregated phase synchronization at other frequency bands in cognitive processes [2, 12] . Hereby, phase synchronization-dependent effect on performance is in favor for exact timing of these interregional oscillations to improve behavior. Thus, further supporting the idea that network synchronization conveys information widely distributed in the brain to guide behavior [12, 15] . It has been reported that phase synchronization modulates spike timedependent plasticity (STDP) [2] , and thus it might be speculated that exogenously driven interregional coupling modulated performance, at least partially, via induction of neuroplastic alterations of functional connectivity. Here, it can be argued that a heightened state of excitability that would modulate performance related to slow-wave oscillations would have to be timed according to the delay of communication between both regions, i.e., a nonzero phase. Therefore, is it required to apply tACS with a nonzero phase timed according the communication delay between two regions to further improve behavior? Our results suggest that this might be not strictly necessary for segregated brain regions such as DLPFC and PPC. In accordance, several studies-empirical as well as computational modeling ones-have reported 0 phase lag for theta phase synchronization between distant brain regions to occur despite of their separation by long axonal conduction delays [23] and have suggested that these synchronizations play a key role in cognitive processes [2, 24] . Alternatively, it might be the case that the observed effects were directly caused by coupling (or decoupling) of frontoparietal theta synchronization without tACS-induced synaptic plasticity. With the current design of the experiment in which tACS was continuously delivered, a decision for one or the other hypothesis is not possible. A brief stimulation at the time of the probe presentation would be sufficient to observe the same effects, however, under the assumption that amplitude-enhancement trough tACS-induced phase alignment occurs in the order of milliseconds. On the other hand, tACS-induced STDP would predict that the effect outlasts the stimulation period.
Here, it might be speculated that the improvement in reaction times in the 6 Hz_0 condition could be due to motor cortex stimulation via the Cz reference electrode. Theoretically, stimulation of motor cortex might increase cortical excitability at the motor cortex level, thereby reducing RTs. We investigated this possibility through measures of motor evoked potentials (MEPs) induced by single pulse transcranial magnetic stimulation (TMS). We did not find a significant change of motor cortex excitability following tACS (details in Figure S2) . In an additional experiment, we show that RTs in a simple motor response task are not affected using the 6 Hz_0 protocol ( Figure S2 ). The latter results address two important matters: First, the RT improvement with the 6 Hz_0 protocol in the working memory task cannot be explained by motor cortex stimulation via the Cz reference electrode, and second, frontoparietal theta coupling plays a causal role for more complex cognitive processes than simple stimulus decoding to motor response generation.
In the present study, no EEG measures during tACS were carried out because of technical difficulties to separate brain activity from the continuous alternating electric field induced by tACS. Therefore, we have no direct proof that our tACS protocol increased theta activity under the stimulated areas. However, recent studies in humans suggest that tACS is capable of entraining brain oscillations and modulating brain activity in a frequency-and topographic-specific manner [8, 21, 22] . Moreover, in a recent work, Ozen and colleagues [25] investigated the direct physiological effects of tACShowever, at lower frequencies, e.g., 1.7 Hz-in chronically implanted rats, i.e., while receiving tACS. Interestingly, the investigators found that neocortical neurons oscillate in phase with the oscillatory electric field applied over the scalp, thus providing direct physiological evidence that tACS is capable of exogenously entraining cortical activity at the externally applied frequency. However, these results should be further validated for higher frequencies and in humans.
Taken together, the results of the present study motivate us to further seek for the causal relevance of interregional oscillatory cortical activity for cognitive and behavioral processes via noninvasive stimulation in humans more directly than before. Moreover, the possibility that tACS can successfully be used to artificially induce coupling or decoupling of behaviorally relevant brain rhythms between segregated cortical regions might be of potential relevance for the treatment of neurological diseases, such as Alzheimer's disease, schizophrenia, and autism, where abnormal behavior correlates with ''out-of-phase'' interregional brain synchronization [26, 27] . On the other hand, exogenously induced desynchronization might also be useful in neurological disorders such as epilepsy, where exaggerated interregional brain coupling is reported [27] .
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